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Abstract  22 
Household-specific feedback on the microbiological safety of drinking water may result in changes 23 
to water management practices that reduce disease risk. We conducted a randomized, controlled 24 
trial in India to determine if information on household drinking water quality could change 25 
behavior and improve microbiological quality as indicated by E. coli counts. We randomly 26 
assigned 589 participating households to one of three arms: (1) a messaging-only arm receiving 27 
messaging on safe water management (n = 237); (2) a standard testing arm receiving the same 28 
messaging plus laboratory E. coli testing results specific to that household’s drinking water (n = 29 
173); and (3) a test kit arm receiving messaging plus low-cost E. coli tests that could be used at 30 
the household’s discretion (n = 179). Self-reported water treatment increased significantly in both 31 
the standard testing arm and the test kit arm between baseline and follow-up one month later. 32 
Mean log10 E. coli counts per 100 ml in household stored drinking water increased in the 33 
messaging-only arm from 1.42 to 1.87, while decreasing in the standard testing arm (1.38 to 0.89, 34 
65% relative reduction) and the test kit arm (1.08 to 0.65, 76% relative reduction). Findings 35 
indicate that household-specific water quality information can improve both behaviors and 36 
drinking water quality.   37 
 38 
Introduction 39 
Diarrheal disease is a leading cause of childhood mortality, resulting in an estimated 1.3 million 40 
deaths in 20151. The majority of diarrheal disease cases are attributable to fecal-oral transmission 41 
of pathogens via widespread environmental contamination, with exposures linked to lack of 42 
adequate sanitation at the household and community levels, poor hygiene, and unsafe food and 43 
water2,3. Although a substantial fraction of diarrheal deaths could potentially be averted by 44 
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installing high-quality piped water supply systems where waterborne disease risks are greatest4,5, 45 
infrastructure expansion is costly and time-consuming6. Approximately 39% of the world’s 46 
population still lacks access to a safely managed water supply7 and microbiologically unsafe 47 
drinking water remains prevalent in low- and middle-income countries7-10. 48 
Where safe water infrastructure is inadequate, communities and households can improve 49 
or maintain water quality through household water management practices, including treating 50 
drinking water and improving how household water is handled during transport and in the home. 51 
Point-of-use drinking water treatment can improve microbiological quality and may also reduce 52 
risk of enteric disease5,11. Storing drinking water in a container with a narrow opening, lid, or 53 
spigot for dispensing reduces the risk of recontamination of water within the home5,11,12. 54 
Despite the evidence that better household water management can improve  or maintain 55 
water quality and may improve health outcomes, adoption of new behaviors is often low13-16 and 56 
challenging to sustain17. In part, this is due to the complex range of behavioral determinants that 57 
inform water management practices, such as financial or time constraints, perceived convenience, 58 
or taste preferences18-20.   59 
Lack of knowledge about water quality and disease risk can be a barrier to the adoption of 60 
improved household water management behaviors18,21-23. In low-income settings, water quality 61 
testing may be limited and typically occurs far from the community21; as a result, individuals rarely 62 
have access to timely and specific information on their own household or source water quality. 63 
Providing water quality information directly to individuals, or enabling them to obtain it 64 
themselves, may therefore help households overcome a key knowledge barrier. Such information 65 
might also facilitate households’ decision-making with respect to changing or improving their own 66 
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water quality23. Direct provision of information is simple and less dependent on testing by target 67 
beneficiaries, relative to provision of test kits. However, microbial water quality can be highly 68 
variable over time and space (Supplemental Information), and so provision of test kits might better 69 
allow beneficiaries to determine how best to maintain drinking water safety by allowing for 70 
multiple points of testing as needed. 71 
This paper presents the results of a cluster-randomized controlled trial (cRCT) of low-cost, 72 
field-deployable microbiological water test kits distributed at the household level in the rural 73 
Kanpur district of Uttar Pradesh, India. In India, where more than 100,000 children under 5 die of 74 
diarrhea each year24, the proportion of the population with access to piped drinking water may be 75 
as low as 24%2; piped water networks that are available are also at high risk of contamination due 76 
to intermittent service25,26. We developed a standard information and education intervention 77 
consisting of community meetings and household visits designed to improve knowledge and skill 78 
related to managing and maintaining household water quality. This information was implemented 79 
alone and in combination with interventions providing household-specific water quality 80 
information. Water quality information included standard laboratory testing or the provision of 81 
low-cost field-water quality test kits that could be used in the home.  82 
We had three key objectives: 1) to determine whether provision of household-specific 83 
water quality information alongside education on how to improve water quality leads to changes 84 
in the microbiological contamination of stored household drinking water, as measured by E. coli 85 
counts; 2) to determine whether household specific water quality information would lead to 86 
changes in key water management behaviors (storage, handling, and/or treatment); and 3) to 87 
determine whether household access to a novel low-cost and simple water quality test, distributed 88 
to households to use on their own, results in differential improvements in the microbiological 89 
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quality of household-stored drinking water and key water management behaviors compared with 90 
controls receiving no specific water quality information.  91 
Methods and Materials 92 
Study design 93 
The study design is based on standard approaches to cluster randomized controlled trials27. We 94 
registered this trial before beginning field work, including pre-specification of hypotheses, 95 
methods, and outcome measures (trial registration: NCT03021434, clinicaltrials.gov). The pre-96 
defined primary outcome variable was the arithmetic mean E. coli count28 from samples of 97 
household drinking water collected at one unannounced visit 4 weeks post-baseline. Secondary 98 
outcomes included self-reported household water treatment frequency and method, self-reported 99 
primary drinking water source, self-reported water storage practices (e.g. keeping storage 100 
container covered, using a storage container with a narrow opening), and availability of soap for 101 
handwashing. Water storage practices and availability of soap were verified by direct observation. 102 
Additional outcomes included self-reported prevalence of diarrhea, abdominal pain, and vomiting 103 
(overall and among children under 5) in the 7 days prior to the survey29. 104 
Overview and sampling frame 105 
Our study took place in rural and peri-urban villages in the Kanpur district of Uttar Pradesh, India. 106 
We chose this area due to limited access to safe drinking water30 and proximity to our laboratory 107 
at the Indian Institute of Technology Kanpur (IIT-K). We obtained a list of all villages in the 108 
Kanpur district from government census records30. We randomly selected sixty villages that had a 109 
population between 100 and 1,000 households, did not receive chlorinated drinking water from 110 
public utilities, and could be reached within two hours by car from IIT-K. Using simple 111 
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randomization procedures, selected villages were allocated to one of two intervention arms or a 112 
comparison arm, with weighting to increase comparison arm allocation for multiple hypothesis 113 
testing. Because there was no available list of individuals or households within each village, we 114 
utilized participatory mapping by village leaders to identify households with children under five. 115 
We intentionally sampled households with children under five due to disproportionate diarrheal 116 
disease burden within this population1. Within each village catchment area, we randomly selected 117 
ten of these identified households.  118 
After a given household was recruited, trained data collectors reviewed a participant 119 
information sheet with the respondent, which explained the project’s overall objectives, duration 120 
of the study, and general study procedures. We obtained written informed consent from all 121 
participants prior to data collection activities, consistent with study approvals from institutional 122 
review boards at the London School of Hygiene and Tropical Medicine (Ref. No.:11920) and IIT-123 
K (IITK/IEC/2016-17 II/4).  124 
Intervention  125 
The intervention consisted of three components: 1) a community education session combined with 126 
information on household water management; 2) household education on household drinking 127 
water management; and 3) provision of information about household-specific water quality. 128 
Participants received household specific water quality data in one of two ways depending on study 129 
arm. The messaging-only arm received only the first two components and received no information 130 
on their household’s stored water quality. For the purposes of this study, this messaging-only arm 131 
serves as the comparison (or control) arm for the study. In the standard testing arm, trained data 132 
collectors analyzed household water quality data in a laboratory by membrane filtration for E. coli. 133 
Data collectors then returned to households and informed them whether or not their water was 134 
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contaminated. In the test kit arm, each household was provided with ten water testing kits yielding 135 
semi-quantitative results for E. coli, which they were instructed to use at their discretion. All 136 
households received three visits during the intervention (two at baseline and one unannounced 137 
follow up visit four weeks later), as explained in additional detail below. 138 
The E. coli test kit used by participants in this trial was developed in prior pilot testing in 139 
India [Supporting Information]. The semi-quantitative test uses the open-source Aquatest (AT) 140 
broth medium31 with a resorufin methyl ester chromogen32 (Biosynth AG, Switzerland) and 141 
ambient temperature incubation33 for 48 hours following sample collection. Briefly, water samples 142 
are measured to 10 ml and 100 ml volumes using single-use volumetric cylinders that also serve 143 
as packaging. These volumes are added to sealable bags containing pre-measured AT medium. A 144 
color change from yellow-beige to pink-red indicates the presence of E. coli, and the combination 145 
of the two bags is used to interpret the final test result. Results can be interpreted as <1 E. coli per 146 
100 ml (both bags negative, “safe”); 1 – 9 E. coli per 100 ml (large bag positive, small bag negative, 147 
“unsafe – low risk”); or ≥ 10 E. coli per 100 ml (small bag positive or both bags positive, “unsafe 148 
– medium to high risk”). Users were asked to interpret test results themselves at the end of the 48-149 
hour ambient temperature incubation period using a graphic interpretation card that was provided 150 
as part of the test. Illustrated step-by-step test instructions were also included with each kit 151 
(Supporting Information). All product labeling and documentation was in Hindi. Project 152 
enumerators spent approximately 5-10 minutes training each head of household (in Hindi) on use 153 
of the test by carefully reviewing each step in the process and explaining how to interpret the test 154 
results. Because E. coli counts in water can be highly variable (Supporting Information), even 155 
within the same household and on the same day, multiple tests are often recommended to estimate 156 
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water quality. In this trial, participants were supplied with 10 test kits and encouraged to use them 157 
for multiple sources or at multiple time points, at the participant’s discretion.  158 
The intervention design was informed by the ‘extended parallel processing model 159 
(EPPM)’34, a model which describes how behaviors are shaped by two broad determinants: 160 
efficacy beliefs and perceived threat. All participating villages received the community education 161 
and generalized household water management messaging. We designed household materials and 162 
information sessions (Supporting Information) to target efficacy beliefs by demonstrating methods 163 
that individuals can use to improve and maintain the microbiological quality of their water, 164 
including storing water to avoid contact with hands, boiling water, and hand washing with soap. 165 
Water quality test results and water quality test kits are assumed to target perceived susceptibility 166 
to water contamination by providing households with specific information about the quality of 167 
water in their own households. We tailored the information to be appropriate for local 168 
circumstances and resources; focusing education materials and information sessions on behaviors 169 
with low resource requirements for the household (e.g. boiling drinking water using readily 170 
available biomass, handwashing with soap, storing water in a covered container), rather than cost-171 
intensive behaviors (e.g. switching to treated bottled water, purchasing commercial water filters, 172 
using bleach/chlorine tablets). 173 
Project staff scheduled village information sessions in advance, and village leaders 174 
promoted the sessions among mothers and female heads of households, since they are typically 175 
responsible for management of household drinking water35. The session consisted of a short, 15-176 
30 minute presentation on waterborne disease, water management, and strategies for improving 177 
water quality in the home. Village information sessions were designed to be relatively informal, 178 
and study staff encouraged questions and discussion among participants. Although the information 179 
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session was mainly targeted to adult women, children often attended since the presentations 180 
typically took place in school buildings.  181 
Following the community information session, data collection staff met with village 182 
leaders to define the boundaries of the village via participatory mapping and to identify households 183 
having at least one child under the age of five. From this, we recruited a random sample of ten 184 
households in the community to be part of the trial. To minimize bias, recruitment was not 185 
restricted to those that attended the community information session. Trained field staff visited the 186 
homes of all households recruited. While there, the enumerator spent 10-15 minutes reviewing 187 
water quality and management information with the head of household and other family members 188 
prior to completing the survey and water sample collection. All households were informed that 189 
data collectors would be returning after 72 hours and again after approximately one month for a 190 
follow up visit. Households in the test kit arm were also given a test kit and instructed on how to 191 
use it. Project staff instructed them to use this test on their household drinking water within 24 192 
hours.  193 
Following baseline data collection, all households were revisited within 72 hours. For 194 
households in the messaging-only arm, enumerators reviewed the water quality and management 195 
information again but did not provide any water quality results. For households in the standard 196 
testing arm, the data collector reviewed with the head of household whether or not their water had 197 
been found to be contaminated and reviewed the water quality and management information. For 198 
households in the test kit arm, the enumerator reviewed the results of the test and provided an 199 
additional nine test kits, which they were instructed to use on their household drinking water at 200 
their discretion. They also reviewed the water quality and management information.  201 
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All households received an unannounced follow up visit approximately four weeks after 202 
the initial baseline visit. After completing data collection activities, data collection staff informed 203 
households in the messaging-only arm whether their drinking water sample from the baseline visit 204 
was contaminated.  205 
Sample Size 206 
We used standard formulae developed for statistical analysis of multi-intervention randomized 207 
controlled trials27,36-38, accounting for clustering in the comparison of means for continuous 208 
outcomes. A coefficient of variation (k) of 0.3 was used for sample size calculations based on 209 
previous microbial data collected during pilot work in Maharashtra (Supporting Information). We 210 
weighted arm allocation to minimize variance for multiple hypothesis testing38, resulting in a 4:3:3 211 
control:intervention ratio in cluster allocation. 212 
Sample size calculations assumed a mean baseline E. coli count of 85 cfu/100 ml with a standard 213 
deviation of 290 as a conservative estimate based on previous systematic sampling of small, rural 214 
water supplies and stored drinking water in Maharashtra (Supporting Information). To allow a 215 
minimum detectable effect size (MDES) of 0.5 log10 on the continuous outcome of E. coli cfu/100 216 
ml at 80% power, we calculated that the sample would require 10 households per cluster, spread 217 
among 20 control villages and 15 intervention villages per arm (500 households). This sample size 218 
was determined to be sufficient for detecting the MDES between each intervention arm and the 219 
messaging-only control but was not intended to detect for differences between the intervention 220 
groups. We recruited an additional 10 villages (4 control villages, 3 per intervention arm) to allow 221 
for additional qualitative data collection following the conclusion of end line data collection, 222 
resulting in a total sample size of 60 villages and 589 households (Figure 1), which also allowed 223 
for some loss to follow-up among participants.  224 
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Figure 1. CONSORT39 diagram describing the cluster randomized controlled trial design of the study 225 
 226 
Data and sample collection 227 
Data collection took place between March and May of 2017, during the dry season in Uttar 228 
Pradesh. All of these activities were administered during unannounced baseline and follow up 229 
visits conducted one month later. Surveys collected self-reported information related to household 230 
demographics, health outcomes (diarrhea, vomiting, abdominal pain), water source(s), water 231 
treatment methods and frequency, and water storage habits. We used a two-week recall period for 232 
questions regarding water source, treatment, and storage. We also collected self-reported data on 233 
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source, treatment, and storage of drinking water currently stored in the household. The respondent 234 
provided details on children under the age of five, including name, age, and diarrhea episodes in 235 
the previous week. Structured observations of household water storage, water treatment materials, 236 
and handwashing materials were included in the survey questionnaire. Data collectors conducted 237 
the surveys in Hindi and recorded responses electronically using mWater (http://www.mwater.co/) 238 
software installed on smartphones. Phones were synched daily to an online database.   239 
At both baseline and the follow up, trained data collectors collected a 330 ml sample of 240 
household drinking water for analysis. To collect the sample, we asked study participants to fill 241 
the sample container (treated with sodium thiosulfate) as if it was a drinking cup for a child living 242 
in the household. Samples were kept on ice in a cooler until delivery to the laboratory and thereafter 243 
stored at 4oC until processing. All samples were processed within eight hours of the time of 244 
sampling. E. coli in samples were enumerated by membrane filtration and incubation on selective 245 
media consistent with EPA Method 160440, though with membrane filters incubated on Compact 246 
Dry EC plates (Hardy Diagnostics, Santa Maria, California) re-hydrated with 1 ml of sample water. 247 
Samples were processed and incubated for 24 hours at 35° C; colony forming units (cfu) were 248 
counted and reported as mean cfu per 100 ml sample. For statistical purposes, if zero colony-249 
forming units were observed on the plate, we assigned a value of 0.541. Likewise, if colonies were 250 
too numerous to count reliably, we assigned a value of 200 as a conservative estimate of the upper 251 
detection limit.  252 
Statistical analysis 253 
E. coli concentrations were log-transformed prior to analysis. Differences in baseline 254 
household characteristics and E. coli concentration between study arms were assessed using linear 255 
and logistic regression models, accounting for clustering at the village level. To determine whether 256 
 13 
 
there were significant differences in primary and secondary outcome measures between the 257 
intervention arms and comparison arm, we utilized a difference-in-differences (DiD) approach42. 258 
This method estimates the effect of specific interventions while adjusting for any inherent 259 
differences between the intervention and control groups at baseline that may influence results. We 260 
completed analysis in Stata v14 (College Station, Texas) using the ‘xtgee’ command, where 261 
difference-in-difference analysis is estimated as the interaction term of the data collection round 262 
(baseline vs. end line) and intervention arm (standard testing or test kit vs. messaging-only). 263 
Generalized estimating equations (GEE) with robust variance estimation accounted for 264 
correlations due to clustering43. The GEE model assumes that missing observations are Missing 265 
Completely at Random (MCAR), but re-estimation using only the sample of households present 266 
over the study duration yielded nearly identical results44. All analyses were adjusted for education 267 
level completed and below poverty line status, which varied significantly across study groups. 268 
 To determine whether the presence of a contamination signal resulted in greater 269 
improvements in water quality or reported water management behaviors, we performed a 270 
difference-in-difference analysis within each of the two intervention arms comparing households 271 
that received a contamination signal versus households that did not. However, this analysis was 272 
below the unit of randomization, and therefore results should be interpreted with caution.  273 
  274 
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Results  275 
 276 
1We assessed homogeneity across study arms using linear and logistic regression models, accounting for village-level clustering.  277 
Household characteristics 278 
Table 1 summarizes baseline statistics for the three study cohorts, as well as for the total sample. 279 
The average household in this sample consisted of 7.9 members, including 1.4 children less than 280 
5 years old. Household composition did not vary significantly across the three study cohorts (p = 281 
0.64, p = 0.35). Approximately 50% of respondents completed secondary school, although this 282 
was lower in the test kit arm (p = 0.03). 43% of households reported receiving a BPL (below 283 
poverty line) ration card from the government, with fewer households in the messaging-only arm 284 
(33%) compared to the standard testing and test kit arms (45% and 55% respectively) (p = 0.03).  285 
Despite these sociodemographic differences, self-reported household water source and 286 
treatment practices were comparable across the three arms. Among all households, 82% (p = 0.16) 287 
Table 1. Selected baseline household characteristics and outcomes by treatment arm 
 
 Messaging-
only (N=237) 
Standard 
Testing 
(N=173) 
Test Kit 
(N=179) 
Total 
(N=589) 
p-value1 
Demographic characteristics      
Mean number of household members (SD) 8.0 (3.7) 7.9 (5.5) 7.6 (3.6) 7.8 (4.3) 0.64 
Mean number of children under 5 per 
household (SD) 
1.5 (0.8) 1.5 (0.7) 1.4 (0.6) 1.4 (0.7) 0.35 
Proportion of respondents that completed 
secondary school (SE) 
0.51 (0.03) 0.58 (0.04) 0.41 (0.04) 0.50 (0.02) 0.03 
Proportion of households living below 
poverty line (receives Antyodaya/BPL 
ration card) (SE) 
0.33 (0.03) 0.45 (0.04) 0.55 (0.04) 0.43 (0.02) 0.03 
Water quality, source, and treatment       
Proportion reporting primarily using 
protected dug well to obtain water (SE) 
0.86 (0.02)  0.77 (0.03) 0.88 (0.02) 0.82 (0.01) 0.16 
Proportion reporting ever treating drinking 
water, all methods (SE) 
0.01 (0.01) 0.05 (0.02) 0.04 (0.01) 0.03 (0.01) 0.07 
Mean log10  E. coli cfu/100 ml of household 
drinking water 
1.42 (1.76) 1.38 (1.57) 1.09 (1.54) 1.31 (1.64)   0.29 
Health outcomes      
Proportion of households with at least one 
diarrhea case in the 7 days prior to 
survey (SE) 
0.08 (0.02) 0.12 (0.02) 0.07 (0.02) 0.09 (0.01) 0.38 
Proportion of households with at least one 
diarrhea case in a child under 5 in the 7 
days prior to survey (SE) 
0.04 (0.01) 0.09 (0.02) 0.04 (0.02) 0.06 (0.01) 0.10 
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reported obtaining drinking water from either a private or public protected dug well, which is 288 
considered an “improved” water source. Water treatment, by any method, was uncommon among 289 
all cohorts, with only 3% of households reporting ever treating their water. The proportion of 290 
households that reported treating their drinking water did not vary significantly across study arms 291 
(p = 0.07). Of these households, participants reported boiling and using a commercial water filter 292 
as methods of treatment. An estimated 8% of households reported that at least one member of the 293 
household had experienced diarrhea in the 7 days preceding the survey, which was consistent 294 
across study arms (p = 0.38). An estimated 6%  of households reported diarrhea in a child under 5 295 
in the 7 days prior to the survey, which did not vary significantly across study arms (p = 0.19.  296 
Only 11 (1.8%) households were unavailable at the time of the one-month follow-up visit. 297 
Additionally, 4.5% of households had incomplete E. coli concentration data, since some 298 
households did not have stored drinking water available at the time of sampling. To determine 299 
whether this affected the GEE results, we re-estimated the models with only households with 300 
complete data. The results were nearly identical to those obtained using the full sample (results 301 
not shown).  302 
Primary and Secondary Outcomes 303 
Water Quality Results 304 
We collected a 1,160 water samples in total across all study arms and both data collection 305 
rounds. Approximately 18% of samples fell below the detection limit (<1 cfu/100 ml) and 5% of 306 
samples were above the detection limit (≥200 cfu/ 100 ml); the proportion of values censored at 307 
0 and 200 did not vary significantly across treatment arms (p = 0.16 and p = 0.10, respectively). 308 
 309 
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Figure 2 presents the distribution of E. coli concentrations at baseline and one-month 310 
follow up, based on commonly used log10 levels indicating potential risk
45, by study arm. Table 2 311 
outlines the changes in water quality and self-reported water management behaviors between 312 
baseline and end line one month later, including differences in changes among treatment cohorts 313 
and the messaging-only cohort. In the messaging-only arm, water quality did not improve: log10 314 
mean E. coli cfu/100 ml increased from 1.42 to 1.87 (8.4%) or from an arithmetic mean of 23 315 
cfu/100ml (95% CI 16 – 30 cfu/100 ml) to 25 cfu/100 ml (95% CI 19 – 32 cfu/100 ml). In the 316 
standard testing arm, water quality improved significantly between baseline and follow up. Log10 317 
mean E. coli cfu/100 ml decreased from 1.38 to 0.89 (57%), which corresponds to a 0.94 log10 cfu 318 
/ 100 ml (65%) reduction compared to the messaging-only arm (p < 0.01), after adjusting for 319 
baseline differences; this corresponds to a decline from an arithmetic mean E. coli count of 16 320 
cfu/100ml (95% CI 10 – 23 cfu/100 ml) at baseline to 7 cfu/100 ml (95% CI 4 – 10 cfu/100 ml) at 321 
end line. As in the standard testing arm, we observed a significant improvement in water quality 322 
in the test kit arm. Log10 mean E. coli cfu/100 ml decreased from 1.09 to 0.65 (68%), which 323 
corresponds to a 0.84 log10 (76%) reduction compared to the messaging-only arm (p < 0.01), after 324 
adjustment for baseline differences. This represents a decrease from an arithmetic mean E. coli 325 
count of 12 cfu/100ml (95% CI 7 – 16 cfu/100 ml) at baseline to 4 cfu/100 ml (95% CI 3 – 5 326 
cfu/100 ml) at end line in the test kit arm.  327 
  328 
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Figure 2. Distribution of categorical45 E. coli concentrations in household stored drinking water 329 
samples by surveillance point and study arm. 330 
 331 
 332 
Behavioral Outcomes 333 
Measured improvements in water quality align with changes in self-reported water treatment 334 
behaviors. In all study arms, there was an increase in the proportion of households that reported 335 
boiling drinking water in the previous two weeks. In the messaging-only arm, reported boiling in 336 
the previous two weeks increased from <0.01 to 0.04. In the standard testing arm, the proportion 337 
of households that reported boiling their drinking water in the previous two weeks increased from 338 
0.03 to 0.45. This is the equivalent to a 0.38 relative change in a respondent reporting boiling at 339 
end line compared to the messaging-only arm after adjusting for baseline characteristics (p < 0.01). 340 
In the test kit arm, the percentage of households that reported boiling their drinking water in the 341 
previous two weeks rose from 0.02 to 0.34; equivalent to a 0.27 relative change compared to the 342 
messaging-only arm (p < 0.01). 343 
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There was little change in the proportion of households that reported using a commercial 344 
water filter in the previous two weeks. In the standard testing arm, the percentage of households 345 
that reported using a commercial water filter remained constant at 1% between baseline and follow 346 
up. In the test kit arm¸ the proportion of households decreased from 2% to less than 1%. Among 347 
households in the messaging-only arm, the proportion remained constant at less than 1%.  348 
Among all three study arms, the proportion of households that reported using a covered 349 
storage container for their household drinking water, as well as the proportion that had soap 350 
available at their handwashing station, increased. For households in the standard testing arm, the 351 
proportion of households that reported using a covered water container increased from 0.96 to 352 
0.98, but improvement was less than what was observed in the messaging-only arm (p = 0.07). In 353 
addition, the proportion of households with soap available at their handwashing station increased 354 
from 0.94 to 0.97, though again this was less than the improvement observed in the messaging-355 
only arm (p = 0.05).  356 
Among households in the test kit arm, the proportion of households using a covered water 357 
storage container increased from 0.93 to 1.0. The proportion of households with soap available for 358 
handwashing increased from 0.89 to 0.99. Neither change was significant compared to the 359 
messaging-only arm (p = 0.21 and p = 0.36, respectively).  360 
The proportion of households that reported at least one case of diarrhea in the 7 days prior 361 
to the survey decreased by a large amount in all three treatment groups. However, improvements 362 
in the test kit arm and standard testing arm were not statistically significant compared to the 363 
messaging-only arm (p = 0.59 and p = 0.51, respectively).  364 
  365 
 19 
 
Table 2. Differences in water quality and key behaviors between treatment cohorts and 
messaging-only group. 
 
 Baseline End line1  DiD2 (95% CI) p-value 
Mean log10 E. coli cfu/100 mL of household 
drinking water (SD) 
    
Standard testing arm3 1.38 (1.57) 0.89 (1.27) -0.93 (-1.28, -0.58) <0.01 
Test kit arm4 1.09 (1.54) 0.65 (1.07) -0.89 (-1.14, -0.64) <0.01 
Messaging-only arm5 1.42 (1.76) 1.87 (1.55) (Referent) - 
Proportion of households reporting boiling 
drinking water prior to use in previous two 
weeks (SE) 
    
Standard testing arm 0.03 (0.01) 0.45 (0.04) 0.38 (0.27, 0.48) <0.01 
Test kit arm 0.02 (0.01) 0.34 (0.04) 0.28 (0.18,0.39) <0.01 
Messaging-only arm <0.01 (<0.01) 0.04 (0.01) (Referent) - 
Proportion of households reporting using a 
commercial water filter in previous two weeks 
(SE) 
    
Standard testing arm 0.01 (0.01) 0.01 (0.01) 0.00 (-0.01, 0.00) 0.32 
Test kit arm 0.02 (0.01) <0.01 (<0.01) -0.02 (-0.04, 0.01) 0.21 
Messaging-only arm <0.01 (<0.01) <0.01 (<0.01) (Referent) - 
Proportion of households using a cover or lid on 
their water storage container (SE) 
    
Standard testing arm 0.96 (0.01) 0.98 (0.01) -0.03 (-0.08, 0.02) 0.26 
Test kit arm 0.93 (0.02) 1.00 (<0.01) 0.02 (-0.08, 0.12) 0.66 
Messaging-only arm 0.96 (0.01) 1.00 (<0.01) (Referent) - 
Proportion of households with soap available at 
handwashing station at time of survey (SE) 
    
Standard testing arm 0.94 (0.02) 0.97 (0.01) -0.05 (-0.12, 0.02) 0.17 
Test kit arm 0.89 (0.02) 0.99 (0.01) 0.02 (-0.08, 0.13) 0.67 
Messaging-only arm 0.92 (0.02) 1.00 (<0.01) (Referent) - 
Proportion of households with at least one case 
of diarrhea in the previous 7 days (SE) 
    
Standard testing arm 0.12 (0.02) 0.02 (0.01) -0.02 (-0.09, 0.05) 0.54 
Test kit arm 0.07 (0.02) 0.01 (0.01) 0.02 (-0.05, 0.10) 0.51 
Messaging-only arm 0.08 (0.02) 0.01 (0.01) (Referent) - 
1End line visits were conducted approximately four weeks after the initial baseline visit. 366 
2Difference-in-difference estimator relative to messaging-only arm, adjusted for baseline differences in education level 367 
completed and below poverty line status.  368 
3Baseline was n=173, end line was n=173 369 
4Baseline was n=178, end line was n=179 370 
5Baseline was n=233, end line was n=233 371 
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Contamination Signal 372 
 Table 3 compares changes in water quality and self-reported water management behaviors 373 
between households that received contamination signals and those that did not in both the standard 374 
testing arm and the test kit arm. As this analysis breaks the primary study randomization, results 375 
should be interpreted with caution. 376 
Standard testing arm 377 
Eighty four percent of households in the standard testing arm were informed that their 378 
water showed evidence of microbial contamination following baseline data collection. Among 379 
households that did not receive a contamination signal, log10 mean E. coli cfu/100 ml increased 380 
from -0.69 to -0.28. Among households that received a contamination signal, log10 mean E. coli 381 
cfu/100 ml decreased from 1.78 to 1.13, which corresponds to a 1.08 reduction compared to the 382 
households which did not receive a contamination signal (p < 0.01).  383 
Among households in the standard testing arm that did not receive a contamination signal, 384 
the proportion that reported boiling their drinking water in the previous two weeks increased from 385 
0 to 0.15. Among households in the standard testing arm that received a contamination signal, the 386 
proportion of households that reported boiling their drinking water increased from 0.04 to 0.50, 387 
which corresponds to a 0.31 relative change compared to households that did not receive a 388 
contamination signal (p < 0.01).  389 
Test kit arm 390 
All households in the test kit arm reported using at least two of the provided test kits. The 391 
mean number of reported test kits used was 5.9. Among households in the test kit arm, 38% percent 392 
reported at least one test kit yielding a positive result (contamination signal).  393 
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Among households in the test kit arm that did not receive a contamination signal, log10 394 
mean E. coli cfu/100 ml increased from 0.22 to 0.24. Among households that received a 395 
contamination signal, log10 mean E. coli cfu/100 ml decreased from 2.50 to 1.25, corresponding to 396 
a 1.25 reduction compared to the households that did not receive a contamination signal (p < 0.01). 397 
Among households in the test kit arm that did not receive a contamination signal, the 398 
proportion that reported boiling their drinking water in the previous two weeks increased from 399 
0.02 to 0.15. Among households in the test kit arm that received a contamination signal, the 400 
proportion of households that reported boiling their drinking water increased from 0.02 to 0.67, 401 
which corresponds to a 0.53 relative change compared to households that did not receive a 402 
contamination signal (p < 0.01). 403 
  404 
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Table 3. Difference-in-difference analysis* of water quality and reported water treatment 
between households that received a contamination signal and households that did not receive 
a contamination signal 
 
 Baseline End line1  DiD2 (95% CI) p-value 
Standard testing arm 
 
Mean log10 E. coli cfu/100 ml of household 
drinking water (SD) 
    
Received contamination signal3 1.78 1.13 -1.08 (-1.37, -0.78) <0.01 
Did not receive contamination signal4 -0.69 -0.28 (Referent) - 
Proportion of households reporting boiling 
drinking water prior to use in previous two 
weeks (SE) 
    
Received contamination signal 0.04 0.5 0.31 (0.15, 0.47) <0.01 
Did not receive contamination signal 0.0 0.15 (Referent) - 
Test kit arm4 
Mean log10 E. coli cfu/100 ml of household 
drinking water (SD) 
    
Received contamination signal5 2.50 1.25 -1.25 (-1.58, -0.92) <0.01 
Did not receive contamination signal6 0.22 0.24 (Referent) - 
Proportion of households reporting boiling 
drinking water prior to use in previous two 
weeks (SE) 
    
Received contamination signal 0.02 0.67 0.53 (0.39, 0.66) <0.01 
Did not receive contamination signal 0.02 0.15 (Referent) - 
*This analysis was below the unit of randomization, and thus results should be interpreted with caution. 405 
1End line visits were conducted approximately four weeks after the initial baseline visit. 406 
2Difference-in-difference estimator relative to households that did not receive a contamination signal 407 
3 n = 147 408 
4 n = 26 409 
5 n = 64 410 
6 n = 103  411 
Discussion 412 
In this study, we explored the effectiveness of using low-cost, field-deployable 413 
microbiological water test kits as informational interventions to trigger household-level water 414 
management behaviors intended to increase water quality. We found that when given household-415 
specific information about their drinking water quality, participants were more likely to report 416 
boiling their drinking water at the point-of-use and to have safer water overall as indicated by E. 417 
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coli counts in household drinking water after a four-week follow up period. We detected no 418 
significant difference in these outcomes between intervention arms, suggesting that both one-time 419 
laboratory reports or user-obtained semi-quantitative household test data, when combined with 420 
basic water management messaging, can result in lower short-term counts of E. coli in household 421 
drinking water compared with messaging only. We found that changes to drinking water quality 422 
were consistent with self-reported changes to behavior and that households receiving information 423 
indicating baseline water quality was impaired were more likely to take action to improve water 424 
safety.   425 
Behavior change findings are consistent with previous studies in similar populations in 426 
India. In a Delhi suburb, Jalan and Somanathan46 utilized a rapid presence/absence fecal indicator 427 
test to inform households whether their drinking water was likely to be contaminated, in addition 428 
to providing information on available water purification strategies. Intervention households that 429 
were informed their water was contaminated were 11% more likely to adopt a purification strategy 430 
after 8 weeks than households that received only information on available purification strategies. 431 
Hamoudi et al47 tested a similar intervention in Andhra Pradesh, India, and found that households 432 
that received rapid fecal indicator test results and a list of strategies for preventing contamination 433 
were more likely to switch to a community-level commercial water source that was available in 434 
most study villages, compared to households that received no test results or information. However, 435 
the specific changes in behaviors varied as a function of available options - switching of sources 436 
or greater household treatment using boiling, or in the case of the Delhi study, filtering - across 437 
these studies.  438 
A randomized trial in Ghana48 also found the provision of household water quality testing 439 
and information to be effective in triggering safe water management behaviors. However, this 440 
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study differed from ours in that households did not receive individualized visits. Rather, members 441 
of the communities were randomly selected to participate in group workshops tailored for either 442 
adults or school children, after which they received test kits to use at their own discretion. Demand 443 
for the water test kits was relatively high, as approximately 50% of recruited adults and 79% of 444 
recruited children chose to attend the two-day workshops. Both treatment groups saw 445 
improvements in safe water management behaviors compared to the comparison group that 446 
received no information or testing supplies.  447 
Research in other settings has not always found information provision to be effective21,41. 448 
For example,  Davis et al41 conducted a study in Dar es Salaam, Tanzania in which households 449 
were divided into four groups. The information-only group received educational messaging on 450 
how to reduce the risk of waterborne disease. This messaging was also given to the three 451 
intervention groups, in addition to the results of household water quality and/or hand-rinse tests. 452 
However, there were no significant improvements in water quality among the treatment groups 453 
compared to the control households.  454 
Although the majority of households in our study were using an “improved” water source, 455 
nearly 80% of drinking water samples at baseline had evidence of contamination. This was 456 
unsurprising, as previous studies have found that “improved” water sources in low- and middle-457 
income settings frequently have evidence of contamination10,49. Thus, point-of-use treatment and 458 
safe water management strategies may have an important role to play in mitigating exposure to 459 
enteric pathogens in India. Studies in rural Indian populations suggest that point-of-use water 460 
treatment methods, such as boiling, solar disinfection, and chlorination are effective in improving 461 
water quality, but uptake of these practices is low12,50-53. In our study population, only 3% of 462 
participants reported ever treating their drinking water at baseline. This increased significantly 463 
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among households that received household-specific water quality information. Although long-464 
term effects on behavior and water quality were beyond the scope of this study, results in the short-465 
term are promising and warrant further research.  466 
The proportion of households that reported at least one positive test was lower than 467 
laboratory confirmed samples. This could be due to difference in sampling times in the household, 468 
differential recall, or different sensitivity in test. It is also possible that participants in the test kit 469 
arm used the test kits on samples other than stored household drinking water, such as samples from 470 
source water. We did not compare E. coli detection via membrane filtration versus the test kits in 471 
duplicate samples; participants tested water separately and reported results back to us up to a month 472 
later. However, report of a contamination signal was associated with higher self-reported adoption 473 
of safe water management behaviors and greater improvements in household water quality.  474 
Diarrhea prevalence was a tertiary outcome measure for our study; we did not calculate 475 
sample size to detect an effect of either intervention on diarrheal prevalence. Low prevalence of 476 
diarrhea in the study population ultimately precluded detection of any potential effect on this 477 
outcome. We also observed a decrease in diarrhea prevalence in the messaging-only arm between 478 
baseline and end line, but there was an increase in E. coli concentration in this study arm over the 479 
same time period. We hypothesize that these changes could reflect inherent variability or seasonal 480 
effects54.  481 
Our theoretical model – EPPM – posits that behavior change occurs when both efficacy 482 
beliefs and perceived threat increase. Our education materials were specifically designed to 483 
improve households’ ability to improve and maintain the quality of their own water. However, in 484 
the absence of a specific contamination signal - and, in turn, a change in perceived susceptibility 485 
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– behavior change was limited. Information alone may result in only limited adoption of water 486 
management behaviors unless strategies are in place to turn abstract information about water 487 
quality into specific and actionable information.    488 
Unfortunately, water quality testing via current standard laboratory-based methods is not 489 
scalable in many settings, including in India, where the requisite trained staff, specialized 490 
equipment, basic laboratory infrastructure, and costly consumables may not be widely available 491 
outside major cities. According to Government of India estimates covering the rural population 492 
only (920 million people), there are 2281 water testing laboratories serving 1.1 million public and 493 
private water supplies; of these, a subset regularly test water supplies for microbial contamination. 494 
Of 476 laboratories reporting availability of specific tests, 223 (57%) list capacity for basic water 495 
microbial parameters (including E. coli specifically).55 An estimated 2.24 million water quality 496 
tests (any parameters) were conducted in the fiscal year ending in October 2017. Overall, 497 
availability of water testing data is very limited throughout the country.  Where testing exists, 498 
results may not be readily available to consumers, partly because of logistical barriers to re-visiting 499 
communities to communicate results. Under these constraints, consumer self-testing, through 500 
models such as the test kit, may represent a compelling alternative and allow for scaling up water 501 
quality information access to more people at lower cost.  502 
Limitations 503 
This study had a number of important limitations. First, the short, one-month timeline 504 
precludes any assessment of the long-term effects of the interventions. Ideally, changes in behavior 505 
can be sustained over time, but they may fade, and future studies should evaluate the longevity of 506 
effects as well as the potential benefits of ongoing testing, either by outside actors or by households 507 
themselves. A recent systematic review of behavioral impacts of sanitation and hygiene 508 
 27 
 
interventions suggest that interventions that focus on education and information alone often result 509 
in short-term improvements in hygiene behaviors but are likely ineffective at ensuring longer-term 510 
sustained change56. However, the authors noted that interventions going beyond simple messaging 511 
and are grounded in psychological or social theory – such as the EPPM model which informed our 512 
intervention development – are associated with increased adherence and sustainability of behavior 513 
changes, although data are limited. Second, since we based random selection of households on 514 
participatory mapping from village leaders, it is possible this introduced bias toward households 515 
or areas of the village that the leader prioritized, resulting in a biased sample. Maps clearly defining 516 
village boundaries were unavailable; we considered our approach the best available option. 517 
Because mapping used similar processes across all study arms, any selection bias introduced 518 
through this system is likely to have been non-differential. Third, though water quality was based 519 
on objective measures, data on household behaviors and health outcomes were self-reported. Self-520 
report for water management and treatment behaviors may be biased, with respondents potentially 521 
over-reporting safe behaviors57-59. Over-reporting due to courtesy bias, social desirability bias, or 522 
other biases may be increased when respondents have been primed (during the intervention) with 523 
information about safe water management and treatment behaviors. The survey team administering 524 
the end line questionnaire were the same individuals who also provided the messaging component 525 
that all study groups received. Self-report bias, if present, would be expected to affect all study 526 
arms. Further, observed changes in water quality were consistent with changes in self-reported 527 
behaviors within the study population.  Finally, in our study, test kits that were used and interpreted 528 
by household members had a similar impact on household water quality compared to standard lab 529 
testing. However, we note that households in the test kit arm still received household visits and 530 
information sessions. The potential effects and cost-effectiveness of these kits or other types of 531 
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self-testing when purchased commercially or distributed at the community level – without a 532 
substantial messaging component – warrants further investigation.    533 
Findings from this study suggest that the provision of household-specific water quality 534 
information, when coupled with education and information on low-cost water management 535 
strategies, can result in improved water management behaviors and improved water quality. 536 
However, changes in behavior may be dependent on whether testing data indicate water is unsafe, 537 
and therefore whether action is required to improve water quality.  Low cost water quality test kits 538 
can provide a possible means of both informing households of their own water quality and 539 
providing them with resources to test multiple sources or at multiple points in time, generating 540 
actionable feedback on household water management. This allows consumers to determine for 541 
themselves whether water is safe and to decide on appropriate measures for protecting the 542 
household’s drinking water quality. Future studies should focus on whether the changes we 543 
observed can be replicated in other settings and extended over longer-term periods, given the 544 
challenges of achieving sustained behavior change.  545 
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